Ribosome crystal structures have revealed that two small subunit proteins, S9 and S13, have C-terminal tails, which, together with several features of 16S rRNA, contact the anticodon stem-loop of P-site tRNA. To test the functional importance of these protein tails, we created genomic deletions of the C-terminal regions of S9 and S13. All of the tail deletions, including double mutants containing deletions in both S9 and S13, were viable, showing that Escherichia coli cells can synthesize all of their proteins by using ribosomes that contain 30S P sites composed only of RNA. However, these mutants have slower growth rates, indicating that the tails may play a supporting functional role in translation. In vitro analysis shows that 30S subunits purified from the S13 deletion mutants have a generally decreased affinity for tRNA, whereas deletion of the S9 tail selectively affects the binding of tRNAs whose anticodon stem sequences are most divergent from that of initiator tRNA.
Ribosome crystal structures have revealed that two small subunit proteins, S9 and S13, have C-terminal tails, which, together with several features of 16S rRNA, contact the anticodon stem-loop of P-site tRNA. To test the functional importance of these protein tails, we created genomic deletions of the C-terminal regions of S9 and S13. All of the tail deletions, including double mutants containing deletions in both S9 and S13, were viable, showing that Escherichia coli cells can synthesize all of their proteins by using ribosomes that contain 30S P sites composed only of RNA. However, these mutants have slower growth rates, indicating that the tails may play a supporting functional role in translation. In vitro analysis shows that 30S subunits purified from the S13 deletion mutants have a generally decreased affinity for tRNA, whereas deletion of the S9 tail selectively affects the binding of tRNAs whose anticodon stem sequences are most divergent from that of initiator tRNA.
E
xtensive evidence from more than three decades of experiments (1) supports the idea that ribosomal function is based primarily on rRNA (2, 3) . This is most clearly seen in ribosome crystal structures, which show that the functional region of the ribosome, at the subunit interface, is composed mostly of rRNA, whereas the ribosomal proteins are found mainly at the periphery of the ribosome (4-7). However, there are a number of instances where ribosomal proteins contact tRNA (6) . One of these occurs in the 30S P site, which plays a major role in initiation of protein synthesis, binding the initiator tRNA and positioning the start codon of mRNA. The 30S P site is also responsible for binding and positioning the anticodon stem-loop (ASL) of peptidyl-tRNA during polypeptide elongation and for maintaining the translational reading frame when the A site is vacant. Binding of the ASL depends not only on base-pairing with the P-site codon of mRNA, but also on interactions with the 30S subunit itself. In addition to contacts involving several elements of 16S rRNA, the extended C-terminal tails of two proteins, S9 and S13, penetrate the 30S P site within contact distance of the ASL (5, 6) . The universally conserved C-terminal arginine of S9 appears to contact phosphate 35 at the apex of the anticodon loop of the P-site tRNA (Fig. 1) . The C-terminal tail of S9 is phylogenetically invariant in length, an observation that is explained by the crystal structure, which shows that the P-site tRNA would physically block extension of the S9 tail. The tail of S13 runs parallel to the anticodon stem, crossing the tRNA backbone between positions 29 and 30 and is thus more tolerant of variations in length (Fig. 1) . Although more variable in sequence, the S13 tail always contains several basic side chains, which can make electrostatic interactions with tRNA phosphates. The interactions of the S9 and S13 protein tails with P-site tRNA and their phylogenetic conservation suggest that they are directly involved in the function of the 30S P site.
Early in vitro reconstitution studies provided evidence for the participation of S9 and S13 in ribosome function. Omission of S9 from 30S subunits reconstituted in vitro from purified RNA and protein components resulted in slower-sedimenting particles that were defective in functional tests, including P-site binding and factor-dependent initiator tRNA binding (8) . However, when 30S subunits were reconstituted from CsCl-derived core particles and split proteins, omission of S9 yielded particles that were fully active in in vitro protein synthesis and binding tRNA to 70S ribosomes, but partially deficient in binding tRNA to isolated 30S subunits (9) and deficient in ribosome-stimulated EF-Tu-and EF-G-catalyzed hydrolysis of GTP (10, 11) . By contrast, omission of S13 in reconstitutions carried out with purified components yielded particles whose sedimentation was indistinguishable from WT 30S subunits, but slightly defective in functional tests (8) . In early genetic screens, Dabbs and coworkers reported deletions of both S9 (12, 13) and S13 (14) . The S9 deletion was obtained in a search for dependence on kasugamycin, an antibiotic that inhibits binding of fMet-tRNA fMet during initiation.
Here, we directly test the functional importance of the tail domains of S9 and S13. We constructed Escherichia coli strains with precise chromosomal deletions in rpsI and rpsM, in which all of the cellular ribosomes contain S9 and͞or S13 with truncated tails, eliminating all potential interactions with P-site tRNA, according to the crystal structure. All of the deletion mutants, including a double mutant containing tail deletions in both S9 and S13, are viable, indicating that the tails are not essential, although they show various phenotypes, including slower growth rates and cold sensitivity. In vitro assays indicate that the C termini of S9 and S13 contribute significantly to binding of P tRNA to isolated 30S subunits, although the importance of the tails is different for different tRNA species.
Materials and Methods
Chromosomal Deletions. Strains containing precise deletions within the rpsI and rpsM genes were made by using the vector pKO3 as described (15) . First, the L13 and ␣ operons were amplified by PCR from E. coli K12 genomic DNA and cloned into pKO3 to yield pLH2 and pLH6, respectively. Next, deletions of the 3Ј ends of the rpsM and rpsI genes were engineered by QuikChange mutagenesis (Stratagene) as described (16) . Plasmids pLH22, pLH17, and pLH24, containing the ⌬S9, S9⌬26, and S9⌬3 deletions, respectively, were generated from pLH2. Mutation ⌬S9 was engineered by using primers lh63 (5Ј-ATCTAATCGGGATTATAGGCATAATTGGCTTCTGC-TCCGGCA) and lh64 (5Ј-TGCCGGAGCAGAAGCCAAT-TATGCCTATAATCCCGATTAGAT); S9⌬26 with primers lh15 (5Ј-CTGCGTAAAGCTGGCTTCGTTTAATTGGCTT-CTGCTCCGGCAGAA) and lh16 (5Ј-TTCTGCCGGAGCA-GAAGCCAATTAAACGAAGCCAGCTTTACGCAG); and S9⌬3 with primers lh69 (5Ј-GCACGTCGTCGTCCGCAGT-TCTAATTGGCTTCTGCTCC GGCA) and lh70 (5Ј-TGCCG-GAGCAGAAGCCAATTAGAACTGCGGACGACGACG-TGC). Plasmid pLH19 containing S13⌬36 and pLH25 containing S13⌬5 were generated from pLH6. Mutation S13⌬36 was engineered by using primers lh26 (5Ј-GAGCATCA-AGCGCCTGATGGATTAATCGGGGTGATTGAATAA-TGG) and lh27 (5Ј-CCATTATTCAATCACCCCGATTA-ATCCATCAGGCGCT TGATGCTC); and S13⌬5 was engineered by using primers lh65 (5Ј-CGTACCCGTA-AGGGTCCGCGCTAATCGGGGTGATTGAATAATGG) and lh66-2 (5Ј-CCATTATTCAATCACCCCGATTAGCGCG-GACCCTTACGGGTACG). Finally, each of these plasmids (pLH22, pLH17, pLH24, pLH19, and pLH25) was used to replace the WT rpsI or rpsM gene of CSH142 (17) with the deletion allele (15) . PCR was used to verify each allelic replacement. To construct the S9⌬3͞S13⌬5 double mutant, kefB20::Tn10(kan) (E. coli Genetic Stock Center http:͞͞cgsc. biology.yale.edu), which is linked to rpsM, was moved by P1 transduction into the rpsM⌬5 strain (encoding S13⌬5). Then, the resulting strain [rpsM⌬5 kefB20::Tn10(kan)] was used as a donor to transduce the rpsI⌬3 strain, and transductants were screened by PCR for the presence of both rpsM⌬5 rpsI⌬3 mutations. Thus, the double rpsM⌬5 rpsI⌬3 mutant additionally contains kefB20::Tn10(kan). Control experiments indicate that kefB20::Tn10(kan) confers no growth defect (data not shown).
Growth Rates. LB medium (50 ml) was equilibrated to 30°C, 37°C, or 42°C and inoculated with 50 l of saturated overnight culture. One-milliliter aliquots were taken every 30 min and measured for absorbance at 550 nm. Doubling rates for each strain were calculated from at least four growth curves at each temperature.
Toeprinting. mRNAs were made by in vitro transcription with T7 RNA polymerase as described (18) . All tRNAs were purchased from Sigma except for overproduced tRNA Thr , which was a gift from H. Asahara (University of California, Santa Cruz). 32 Plabeled primer kf132 (5Ј-CTTTATCTTCAGAAGAAAA-ACC) was annealed to mRNA (0.7 M final concentration) in 50 mM Tris⅐HCl (pH 7.5) and 100 mM NH 4 Cl by heating to 68°C for 5 min and placing on ice. MgCl 2 was added to 20 mM, heat-activated 30S subunits (19) were added to 0.7 M, and tRNA (0.7 M when present) was added to fill the P site by incubation at 37°C for 20 min. A 2-l aliquot was removed and added to a 10-l extension mix containing 10 mM Tris⅐HCl (pH 7.5), 10 mM MgCl 2 , 60 mM NH 4 Cl, 375 M of each dNTP, 6 mM 2-mercaptoethanol, and 2.6 units of avian myeloblastosis virus reverse transcriptase (Seikagaku Kogyo, Tokyo). Reactions were extended for 10 min and stopped with 10 l of stop buffer to give a final concentration of 47.5% (wt͞vol) formamide, 5 mM EDTA, 0.025% (wt͞vol) bromophenol blue, and 0.025% xylene cyanol FF. Two microliters was loaded onto a 6% polyacrylamide gel. Titration curves were plotted from data averaged from three experiments and fit to the following equation (21) by using the graphing program KALEIDAGRAPH (Abelbeck Software, Reading, PA) to estimate
}͞2, where Fig. 1 . Interaction of the C-terminal tails of S9 and S13 with tRNA (red) in the Thermus thermophilus 30S subunit P site (5, 6) . Large (S9⌬26, S13⌬36) and small (S9⌬3, S13⌬5) tail deletions are red and yellow, respectively; a C-terminal extension of S13 present in T. thermophilus but not in E. coli is gray. The rest of the subunit is represented in a semitransparent rendering. 
Results
Genomic sequences coding for the tail regions of S9 and S13 were precisely deleted by using the method of Link et al. (15) as described in Materials and Methods. The short deletions, which removed the C-terminal three amino acid residues from S9 (S9⌬3) and five residues from S13 (S13⌬5), were designed as minimal deletions that would eliminate contact with P-site tRNA (Fig. 1 ). More extensive deletions of 26 residues from S9 (S9⌬26) and 36 residues from S13 (S13⌬36), which completely eliminate the extended tails ( Fig. 1) , were also constructed. The mutant strains were all viable, but exhibited altered growth phenotypes, which correlated with the size of the deletion (Fig. 2) . The large deletions of S9 and S13, S9⌬26 and S13⌬36, confer growth rates about half that of WT at all temperatures tested (Fig. 2B) . At 37°C and 42°C, the small deletion alleles of S9 and S13, S9⌬3 and S13⌬5, show only modest growth defects ( Fig. 2B and Table 1) , whereas the S9⌬3 strain shows a cold-sensitive phenotype, growing substantially slower than WT at 30°C. The double mutant, S9⌬3͞S13⌬5, shows an additive growth defect compared to each of the individual deletion mutants at both 37°C and 42°C. Interestingly, however, the cold-sensitive phenotype observed for S9⌬3 is suppressed by the S13⌬5 mutation (Fig. 2B) .
S9 has been shown to contribute to proper assembly of the 30S subunit, whereas S13 has no detectable role in subunit assembly (8) . A complete chromosomal deletion of S9 (⌬S9) was constructed and found to be viable (Fig. 2) . The strong growth phenotype of ⌬S9 is consistent with a partial defect in ribosome assembly. Although Dabbs and coworkers (12) (13) (14) have previously reported S9 and S13 deletion strains, the method of Link et al. (15) provided a means to create precise chromosomal deletions. We did not attempt to generate an S13 deletion strain.
The in vivo phenotypes of the S9 and S13 mutant alleles suggest that the C-terminal tails of these proteins contribute to ribosome function. To test how each mutation affected the P site, 30S ribosomal subunits were purified from each deletion strain and tested for their ability to bind tRNA by using a toeprinting assay (22) . In this assay, 30S-tRNA-mRNA complexes are formed and the position of mRNA in the ribosome is mapped by primer extension of the mRNA from a downstream primer. When 30S subunits from the S13 deletion mutants (S13⌬5 or S13⌬36) were used, decreased toeprint intensities were observed for all of the tRNA species tested, suggesting that truncation of S13 confers a general defect in tRNA binding (Fig. 3) .
In contrast, when 30S subunits containing truncated S9 were used, the toeprinting results varied according to the species of tRNA. Whereas modest decreases in toeprinting intensities were observed when tRNA fMet (Fig. 3 B and D) . To confirm that low toeprint signals are caused by weak tRNA binding, we titrated S9⌬3 30S subunits with increasing amounts of tRNA subunit. Association of 30S subunits from the different deletion mutants with 50S subunits to form 70S ribosomes restored the toeprinting intensities (Fig. 3E) . The toeprinting assay reflects the ability of bound tRNA to position mRNA stably in the ribosomal complex, and thus provides an indirect measure of tRNA binding. To obtain a direct, quantitative measure, binding of radioactively labeled tRNA was assayed in a nitrocellulose filter-binding assay. The affinities of formyl-[ , whereas only a 2-fold difference is measured for S13⌬5 (Fig. 4 and Table 2 ). These data indicate that the C terminus of S9 differentially affects the binding of different tRNAs to the 30S subunit P site.
Discussion
These studies show that E. coli cells are able to grow, with only modest decreases in growth rate, when all potential proteintRNA interactions in the 30S P site are abolished by deletion of the C-terminal tails of proteins S9 and S13. Cells bearing the S9⌬3͞S13⌬5 double deletion must carry out protein synthesis with ribosomes bearing an ''all-RNA'' 30S P site, in which all interactions between the ribosome and the ASL of tRNA are made by 16S rRNA. Cells containing larger deletions of the S9 and S13 tails (S9⌬26 and S13⌬36) or even cells with complete deletions of S9 were also able to grow, albeit with more impaired growth rates. Indeed, at least 17 different ribosomal proteins have been deleted without loss of cell viability, as shown earlier by Dabbs (14) . More recently, Zengel et al. (23) have shown that deletion of the loops of proteins L4 and L24, which extend into the polypeptide exit channel, and were proposed to be important for ribosomal assembly and functional contacts with the nascent polypeptide chain (24) , have no detectable effect on ribosomal assembly or on incorporation of 50S subunits into polysomes. These findings provide evidence to support the idea that presentday ribosomes evolved from preribosomal particles that contained only RNA (1-3). According to this view, ribosomal proteins were recruited later, as evolutionary refinements, to enhance the speed and accuracy of translation, increase the efficiency of ribosome assembly, and mediate such cellular processes as membrane trafficking and translational regulation.
The phenotypes conferred by the S9 and S13 tail deletions, both in vivo and in vitro, are clearly distinguishable. Whereas the S13 deletion mutants exhibit slowed growth rates at all temperatures, the S9⌬3 deletion produces a cold-sensitive phenotype, which is suppressed when combined with the S13⌬5 deletion. Cold sensitivity can be enhanced by destabilization of an early step of a multistep sequential process (25) . In the case of the S9⌬3 mutation, cold sensitivity might arise from destabilization of some step in the binding of tRNA (for example, initiator tRNA) to the 30S P site. Loss of the S9 tail interaction could distort the positioning of the tRNA anticodon in a way that is compensated by deletion of the S13 tail. The distinctly different in vitro properties of the S9 and S13 deletions are particularly interesting. Whereas the P site of S13⌬5 subunits shows a generally decreased affinity for tRNA, the S9⌬3 subunits selectively lose their affinity for a subset of tRNAs ( Fig. 3 and Table 2 ). Because only the ASL interacts with the 30S P site, the structural basis for this selectivity must lie within this limited 17-nt region. Comparison of the structures of the eight different tRNA species that were assayed (Fig. 5) shows a striking correlation. The subset of tRNAs whose binding to S9⌬3 subunits is largely unaffected all contain two G-C base pairs at the second and third stem positions (nucleotides 29, 30, 40, and 41) from the anticodon loop, whereas none of the tRNAs whose binding is abolished has a G-C pair at the third position. These correspond to two of the three G-C pairs that are found in all initiator tRNAs, and which RajBhandary and Chow (26) have shown are critical for discrimination of initiator tRNA from elongator tRNAs. A possible explanation for the behavior of S9⌬3 subunits is that the 30S subunit is capable of specific recognition of tRNAs containing these G-C pairs, in addition to a nonspecific P-site affinity for tRNA that is facilitated by interaction of the backbone of the anticodon loop with the tail of protein S9. Deletion of the tail of S9 would result in loss of the nonspecific affinity, leaving the specific affinity for tRNAs that have initiator-like anticodon stems. Selectivity is still observed in the S9⌬3͞S13⌬5 double deletion, indicating that the discrimination must be a function of 16S rRNA.
The question arises as to why these deletion strains are only minimally defective in growth if they are so defective in binding some tRNAs. A likely explanation is that when 30S subunits associate with 50S subunits to form 70S ribosomes the binding defects of the 30S subunit are masked (Fig. 3) , most likely because of the extensive additional interactions made between the 50S subunit and P-site tRNA (6) . Thus, the impairments in 30S subunit function caused by the deletion mutations may have their greatest effect on translational initiation, the only physiological step in which tRNA binds to the 30S P site in the absence of the 50S subunit.
